Localized plasmonic structured illumination microscopy (LPSIM) is a super-resolution fluorescent microscopy method to image samples at a high speed with a wide field of view and low phototoxicity. Here we propose a methodology to extend the resolution capability of LPSIM by shifting spatial frequencies farther away from the diffraction-limited cutoff frequency with a plasmonic nano-array. We analyze the performance and accuracy of image reconstruction by using simulations of standard structured illumination microscopy (SIM) and blind-LPSIM. LPSIM experiments were also performed by using various LPSIM substrates and different microscope objectives. The experiments and simulations show that by shifting spatial frequencies farther away, resolution improvement can be extended up to 5 times beyond the diffraction limit with minimal deformation and artifacts in the reconstructed image. Super-resolution light microscopy techniques have extended the understanding of sub-cellular biological structure and dynamics to nanoscale using fluorescent microscopy. In the past decade, numerous super-resolution microscopy methods, including stochastic optical reconstruction microscopy [1-3], photo-activated localization microscopy [4, 5] , stimulated emission depletion microscopy [6, 7] , and structured illumination microscopy (SIM) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] are developed to extend the resolution capability beyond the diffraction limit.
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Localized plasmonic structured illumination microscopy (LPSIM) [24] [25] [26] [27] [28] utilizes the near-field resonance of a periodical nano-antenna array to bring the high spatial frequency information of the object into the detectable bandwidth of a microscope. LPSIM has experimentally demonstrated threefold resolution improvement, compared to diffraction-limited microscopy, and achieved 50 nm full width at half-maximum (FWHM) resolution and video speed for dynamic biological samples [28] .
For best performance, the LPSIM substrates that contain the hexagonal patterned periodical silver nanodiscs, are designed to match the high numerical aperture (NA) water-immersion or oil-immersion objective lens [24, 26] . However, such objectives, in general, are expensive and are not easily switchable during a biological experiment. In certain applications, a low NA air objective is preferred to provide a larger field of view at the cost of lower resolution.
In this Letter, we studied the performance of LPSIM when the illumination patterns contain spatial frequencies much higher than the cutoff frequency of the optical transfer function (OTF). The amount of detection area and missing information in the spatial frequency domain can be controlled by changing the NA of the objective and emission wavelength of fluorophores, which affect the size of the OTF, or by changing the dimensions of the LPSIM pattern, which affect the shift amount of the OTF in k-space due to frequency mixing of object information [Figs. 1(a)-1(c)]. In our experiments, we used an LPSIM substrate with 145 and 135 nm pitch distance and a 60 nm silver disc diameter, in combination with low and high NA objectives. In our simulations, we varied the NA of objectives and dimensions of periodic patterns (200, 150, and 100 nm pitch distance and 80 and 60 nm disc diameter). We investigated the resolution capability of LPSIM, combined with a blind-SIM reconstruction algorithm [29, 30] when the spatial frequency shift due to the patterned nano-antenna array is two times greater than the diffraction-limited cutoff frequency. Our results showed that, although a significant portion of k-space information is missing, the accuracy of reconstructed images by using LPSIM with blind-SIM algorithm is significantly higher compared to standard SIM image reconstruction. To improve the resolution capability and the robustness of the reconstruction process, we used more sub-images than standard SIM or the original LPSIM system to oversample the object information in collected sub-images.
In our experimental setup, we modified ab Olympus IX83 inverted microscope to achieve the reflection mode for LPSIM imaging [ Fig. 1(d) ] [26, 28] . For multiple-angle illumination of fluorescent sample on top of the LPSIM substrate, the collimated 1-2 mm 2 excitation beam from a Genesis MX488 laser (Coherent) was steered by a pair of galvo mirrors and then projected by using a 4f system to the focal plane of the LPSIM substrate. To guarantee the TM polarization for illuminating the LPSIM substrate, the beam was sent through a custommade polarizer plate, which consists of 12 polarizing stripes.
The fluorescent signal from the sample was collected by an objective in the reflection mode and imaged with a sCMOS camera (ORCA_Flash4.0 V3, Hamamatsu). A National instruments DAQ module (NI-9263) controlled by MATLAB is used to change the incident angles of the laser beam onto an LPISM substrate with up to 800 Hz, as well as to synchronize the camera to take and save all images. The laser power density is typically less than 20 W∕cm 2 . To demonstrate the effect of missing k-space information on reconstructed super-resolution images, we tested the performance of both standard SIM combined with deconvolution and LPSIM with a blind-SIM algorithm using dot objects illuminated by periodical patterns with different spatial frequencies (Fig. 2) . In the simulation, we used circular objects of 10 nm in diameter and a periodical sinusoidal illumination pattern with 100 and 200 nm periodicity. The simulation was performed with a 0.8 NA objective and 570 nm emission wavelength. For standard SIM reconstruction, we solve the linear system of the three information components for each illumination pattern orientation in Fourier space [8, 15] . The recovered Fourier space components of the object are then shifted to their corresponding true locations. Shown in Figs. 2(c) and 2(d) are the effective total OTFs corresponding to 100 and 200 nm illumination periodicity. Figures 2(e), 2(f ), 2(i), and 2(j) show the reconstructed images of standard SIM with and without Lucy deconvolution. When too much information from the object is missing in the Fourier domain, the reconstructed images contain significant amount of artifact using standard SIM reconstruction. With 100 nm illumination periodicity, the gaps in k-space caused significant side lobes for each dot object in the reconstructed image [ Fig. 2(j) ]. In comparison, the reconstruction artifact is significantly reduced when using an LPSIM illumination pattern with blind-SIM image reconstruction. Blind-SIM reconstruction finds an optimized object as a constrained joint-deconvolution in real space for all acquired sub-images with different areas being illuminated, thus generating super-resolution images with reduced artifacts. Shown in Figs. 2(g), 2(k), 2(h), and 2(l) are blind-SIM reconstructed images with nine sub-images and 30 sub-images. The oversampled data sets were generated by increasing the scanning angle in each x-y direction determined by the LPSIM substrate and the corresponding polarization plate.
A standard 2D SIM image reconstruction requires only nine sub-images with three sub-images on each of the three different illumination directions. However, since blind-SIM algorithm reconstructs the super-resolution image in real space using a cost-minimization approach, by having more illumination directions for LPSIM, we create illumination patterns with better uniformity as the localized plasmon mode changes with illumination angles. 30 sub-images are collected from six illumination directions with five sub-images per each direction. The LPSIM reconstructed images with 30 sub-images provide higher resolution compared to LPSIM images with nine sub-images while having a minimum amount of artifacts, even with a large amount of missing information in k-space. The FWHM decreases ∼4.5 times from 367 nm for a diffraction-limited image down to 82 nm for blind-SIM algorithm with 30 LPSIM sub-images.
Since in the experiment the pitch distance of LPSIM substrates cannot be changed, the gap in Fourier space was adjusted by changing objective lens. To test the super-resolution capability of LPSIM with missing Fourier space information, 200 nm orange fluorescent polystyrene beads (540/560 nm) were drop-casted on to an LPSIM substrate of 60 nm diameter silver discs and 145 nm pitch distance and were imaged through a 0.6 NA objective [ Fig. 3(a) ]. Figure 3(b) shows the image of the same area using a 1.7 NA oil-immersion objective for providing a high-resolution comparison. In the blind-LPSIM reconstructed image with nine sub-images [ Fig. 3(c) ] the FWHM resolution of a single 200 nm bead was improved from 520 nm down to 215 nm [ Fig. 3(d) ], and closely spaced beads were clearly resolved. As shown in the inset of Fig. 3(c) , significant part of collected k-space information was missing; however, the blind-SIM managed to reconstruct a high-resolution image without introducing visible artifacts.
To demonstrate the effect of oversampling in LPSIM and ability to resolve fine sample features, 45 nm orange fluorescent beads (540/560 nm) were drop-casted on an LPSIM substrate with a 60 nm silver disc in diameter and 135 nm in pitch, and imaged through 0.55 NA and 1.2 NA objectives. The data set with a 0.55 NA objective had large gaps in Fourier space with a lot of relevant information missing [ Fig. 4(b) ], and the data set with a 1.20 NA objective had small gaps in Fourier space [ Fig. 4(f ) ]. For both sets of data, the reconstruction of LPSIM super-resolution images was done with nine sub-images (three angles of illumination) and 27 sub-images (six angles of illumination), as shown in Figs. 4(c), 4(d) , 4(g), and 4(h). Using oversampled data sets of a 0.55 NA objective, the FWHM resolution of the beads improved from 188 nm for reconstruction using nine sub-images to 104 nm for reconstruction using 27 sub-images, where the diffraction-limited image had a FWHM of 560 nm [ Fig. 4(i) ]. With the data set of a 1.20 NA objective, which had less gap in collected k-space information, a single dot is resolved as two closely spaced dots with peak-to-peak distance of 81 nm in blind-LPSIM reconstruction using 27 sub-images, which is otherwise un-resolved when using only nine sub-images [Figs. 4(h) and 4(j)]. Oversampling helped to resolve finer details and achieve more than 5 times resolution improvement for a 0.55 NA objective and more than 4 times resolution improvement for a 1.20 NA objective. Unfortunately, when a large part of k-space information is missing, oversampling cannot completely compensate for the missed information in the gaps between spatial frequencies peaks and creates additional artifacts in the reconstructed image.
To demonstrate the advantage of LPSIM with blind reconstruction and show how reconstruction algorithms work for non-sparse object, we simulate standard SIM and blind-SIM with LPSIM illumination using a solid striped object (Fig. 5) . The images are generated using 1.2 NA and 0.55 NA objectives, and the periodicity of the illumination pattern is 150 nm. Figures 5(c)-5(f ) show the reconstructed striped object with standard SIM, SIM with Weiner deconvolution, SIM with Lucy deconvolution, and blind-LPSIM for a 1.2 NA objective. Without too much missing information, both SIM and LPSIM reconstruct accurate super-resolution images compared to ground truth shown in Fig. 5(a) . When using the same periodicity in illumination and a smaller NA objective, the effect of missing information in Fourier domain becomes much more significant, as shown in Figs. 5(i)-5(k), where the reconstructed images of SIM, SIM with Weiner deconvolution, and SIM with Lucy deconvolution is plotted. In contrast, the Fig. 5(j) contains fewer artifacts at a cost of slightly lower resolution. The blind-LPSIM method is more robust in resolving images with large gaps in k-space information. The experimental ability of SIM and LPSIM to resolve non-sparse complex objects were demonstrated before by video imaging of microtubules dynamics at several hertz speed [9, 28] .
In conclusion, we showed how a standard SIM and blind-SIM with LPSIM substrate methods worked when a part of spatial frequency is missing in reconstruction. The blind-SIM method with LPSIM shows robust reconstruction with much fewer artifacts. In addition, by decreasing the pitch size of LPSIM substrates, the reconstruction resolution of the image can be improved from 3 times to 4-5 times in comparison to a diffraction-limited image. Furthermore, by developing new LPSIM substrates with 80 nm pitch size and implementing a 1.70 NA objective, we can push resolution down to 30-40 nm while preserving a large field of view, biocompatibility, and several hertz speed.
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